Large-conductance calcium and voltage-dependent potassium (BK Ca ) channel is an important determinant of vascular tone. It is activated by hydrogen peroxide (H 2 O 2 ) which occurs in various physiological and pathological processes. However, the regulation mechanism is not fully understood. In the present study, the mSlo in the presence or absence of hβ1 were cotransfected with the PTEN wt , PTEN C124S , PTEN G129E in HEK 293 cells. Typical BK Ca channel currents could be recorded in cell-attached configurations. We found that PTEN wt reduced the H 2 O 2 -induced BK Ca channel activation during the initial 10 min treatment. In contrast, coexpression with catalytically inactive PTEN C124S /PTEN G129E mutants that lack lipid phosphatase activity produced no regulation on the H 2 O 2 -induced BK Ca channel activation. These results demonstrated that PTEN regulated the H 2 O 2 -induced BK Ca channel activation through phosphatidylinositol 3-phosphatse. However, the inhibitory effect of PTEN on the H 2 O 2 -induced BK Ca channel activation was attenuated when cells were treated with H 2 O 2 at concentrations higher than 100 μM or at 100 μM for long-term treatment. In addition, the p-AKT expression level in PTEN wt overexpressing cells was lower than that in control cells, and the increase of cytoplasmic free calcium concentration ([Ca 2+ ] i ) induced by H 2 O 2 was also inhibited. These findings may elucidate a new mechanism for H 2 O 2 -induced BK Ca channel activation and provide some evidences for the role of PTEN on vasodilation induced by H 2 O 2 . j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / b b a m e m
Introduction
Vascular dysfunction is a major cause of death in many diseases such as stroke and diabetes [1, 2] . It is established that BK Ca channel (large-conductance calcium and voltage-dependent potassium channel) is an important physiological and pathological determinant of vascular tone [3] . BK Ca channel proteins are expressed in various tissues such as islets, neurons and blood vessels. A native BK Ca channel is composed of pore-forming α subunits and β subunits. The α subunit is encoded by a single gene Slo and responsible for the BK Ca channel structure and function [4, 5] . The auxiliary β subunit associates with α subunits and regulates the gating of channel. It is established that β1 subunit enhances the Ca 2+ sensitivity of BK Ca channels and plays an important role in contractile activity of smooth muscle [6, 7] . BK Ca channel activities are controlled by multiple factors, including intracellular calcium concentration, phosphorylation and oxidation [8] [9] [10] .
H 2 O 2 (hydrogen peroxide) is a by-product of oxidative metabolism and found to modulate the BK Ca channel activity under different conditions [9, 11, 12] . Sobey et al. demonstrated that H 2 O 2 dilated cerebral arterioles by activating K + channels [13] . In addition, H 2 O 2 enhances the activity of BK Ca channel via phospholipase A 2 (PLA 2 )-arachidonic acid signaling cascade in coronary artery smooth muscle [14] and cGMP in cultured human endothelial cells [15] . Besides PLA 2 and cGMP as the effector molecules, it is still unclear whether other signaling molecules contribute to the regulation of H 2 O 2 on the activity of BK Ca channel.
PTEN (phosphatase and tensin homolog deleted on chromosome 10), a tumor suppressor, has been suggested to be a direct target of H 2 O 2 [16] . The PTEN gene encodes a 403 amino acid polypeptide with a high degree of homology to protein tyrosine phosphatase and tensin. PTEN is a dual-specific phosphatase that acts on lipid and protein substrates. The lipid phosphatase activity of PTEN negatively controls the activity of phosphatidylinositol 3-kinase (PI3K) to regulate cellular function. It was previously established that PTEN's lipid phosphatase activity is involved in control of cell size, cell growth, proliferation, apoptosis and migration [17] [18] [19] . H 2 O 2 stimulated AKT activity in a PI3K-dependent manner and increased AKT phosphorylation. Stojanovic et al. reported that PI3Kmediated AKT activation induced cGMP elevation [20] . In addition, H 2 O 2 induced the release of calcium via PI3K signaling pathways [21] . Calcium sparks, elicited by a local increase in [Ca 2+ ] i (cytoplasmic free calcium concentration), are coupled to activation of BK Ca channel [22] . Both PTEN and BK Ca channel expression are particularly abundant in vascular smooth muscles. Whether PTEN is involved in the activation of BK Ca channel stimulated by H 2 O 2 remains unknown.
Western blotting analysis
After 48 h of transfection, cells were lysed in the ice-cold lysis buffer containing 62.5 mM Tris-HCl (pH 6.8), 2 mM EGTA, 2% SDS, 10% glycerol, 10 mM NaF, 0.1% Triton X-100, 2 mM Na 3 VO 4 and complete protease inhibitor cocktail (Sigma, U.S.A.). The insoluble materials were centrifuged at 12,000 rpm at 4°C for 10 min and the supernatant was collected. The total protein in supernatant was quantified by Coomassie brilliant blue method. The proteins obtained were separated by 10% SDS-PAGE and was transferred onto a PVDF membrane. The membrane was blocked in 0.1% casein/TPBS (PBS, 0.1% Tween 20) for 1 h and then probed with anti-PTEN, anti-AKT, anti-phosphor-AKT 473 (p-AKT), anti-β-actin antibody (Cell Signaling Technology, U.S.A.) overnight at 4°C. The membrane was washed with TBST 3× for 5 min. After incubation with horseradish peroxidaseconjugated secondary antibody, protein signals were detected using enhanced chemiluminescence (Perice, Rockford, IL). Expressions of these proteins were normalized to that of β-actin as a control.
Electrophysiology
Cells were replated on glass coverslips coated with poly-L-lysine after 5 h transfection. All assays were performed at 48-72 h after transfection. Cells coexpressing both EGFP-mSlo and PTEN-Tdimer2 were first confirmed using fluorescence microscopy (Olympus, Japan). Cells expressing both EGFP-mSlo and hβ1 were checked by their special current characteristics. The channel currents are easily activated by voltage in mSlo and hβ1 coexpressing cells compared with those of mSlo only expressing cells. Both burst duration and the duration of the gaps between bursts could be increased by hβ1 subunit (Figs. 2 and 3). Currents were recorded with EPC-10 patch clamp amplifier (HEKA, German) and pClamp 9 software (Molecular Devices, U.S.A.) at room temperature (21-24°C). Patch pipettes had resistance between 7 and 9 MΩ. All experiments were performed in the cell-attached configurations and patches were voltage clamped at + 60 mV, unless recorded at + 40 mV in the cells coexpressing mSlo and hβ1. Single channel records were filtered at 2 kHz and digitized at 10 kHz. Currents were allowed to stabilize for at least 5 min before the addition of drugs and recorded at 10 min after application of drugs, unless indicated otherwise. The bath (intracellular) solution contained 110 mM KCl, 1.44 mM MgCl 2 , 30 mM KOH, 10 mM EGTA, and 10 mM HEPES, pH 7.2. The intrapipette (extracellular) solution contained 140 mM KCl, 1.2 mM MgCl 2 , 2.6 mM CaCl 2 , and 10 mM HEPES, pH 7.4 [24] .
Measurement of intracellular Ca 2+ levels
Cells transfected with vector or PTEN plasmids were seeded on glass coverslips coated with poly-L-lysine. All assays were performed at 48 h after transfection. The cells were washed once with adapted Krebs-Ringer HEPES buffer (25 mM HEPES, 5 mM KCl, 0.96 mM NaH 2 PO 4 , 1 mM MgSO 4 , 5 mM glucose, pH 7.4) and then incubated in the above buffer for 1 h with 5 μM fluorescent calcium indicator Fluo3AM (Invitrogen, U.S.A.) at 37°C in an environment containing 5% CO 2 . After dye loading, the cells were washed in the above solution to remove any dye nonspecifically associated with the cell surface. Coverslips with adherent cells were mounted in a 1 ml capacity plastic chamber and placed in the confocal laser scanning microscope (Leica, German) for fluorescence measure-ment. H 2 O 2 was added directly to the cells and fluorescent signals at 505-530 nm were collected with excitation wavelength at 488 nm by an argon laser. The fluorescent images were collected every 1.5-4.0 s for up to 18 min and analyzed by Leica confocal software (LCS lite, German). Intracellular Ca 2+ levels, [Ca 2+ ] i , were expressed as relative fluorescence intensity. Relative fluorescence intensity of Fluo3-AM was presented as the pseudoratio (ΔF/F 0 ) indicated by the following formula: ΔF/F 0 = (F − F 0 ) / F 0 , where ΔF/F 0 is the ratio of fluorescence intensity difference, F is the fluorescence intensity after stimulation, F 0 is the fluorescence intensity before stimulation. 
where ΔF/F 0 means as above, T is the exposure time to 100 μM H 2 O 2 , T 1/2 represents the H 2 O 2 stimulation time for arriving half-maximal fluorescence intensity, and k is the slope factor.
Results

The p-AKT expression was inhibited in PTEN wt overexpressing cells
To determine the effect of wild type and mutated PTEN expression on AKT activity, HEK 293 cells were transiently transfected with PTEN-Tdimer2 and the protein expression was investigated by Western blotting analysis. Compared with the control group, more PTEN expression was observed in PTEN wt , PTEN C124S and PTEN G129E overexpressing cells (Fig. 1A) . Consistent with reported results [25] , we found that the p-AKT protein expression was lower in PTEN wt overexpressing cells than that in control, PTEN C124S or PTEN G129E overexpressing cells, but AKT expression level was similar in all groups (Fig. 1A) , indicating that fusion to Tdimer2 didn't change PTEN function. The Tdimer2 is a tandem dimer mutant of DsRed [26] . To study the effect of PTEN on BK Ca channel activation, we chose the cells in which mSlo and PTEN wt , PTEN C124S or PTEN G129E were simultaneously expressed for experiments ( Fig. 1B and data not shown).
H 2 O 2 -stimulated BK Ca channel activity is reduced in PTEN wt overexpressing cells
BK Ca channel current was not observed in mock transfected HEK 293 cells and endogenous BK Ca channel expression was also not detected in HEK 293 cells [27] . To investigate the role of H 2 O 2 on BK Ca channel activity, EGFP-mSlo and hβ1 plasmids were coexpressed in HEK 293 cells. We found that the BK Ca channel activity increased significantly during the initial 10 min after treatment with 100 μM H 2 O 2 , and multilevel channel opening appeared ( Fig. 2A and B) . The NP O of BK Ca channels increased from 0.3470 ± 0.0655 to 1.0157 ± 0.1349 after exposure to 100 μM H 2 O 2 (Fig. 2D) . However, the single channel amplitude was almost unchanged (Fig. 2C) . The unitary conductance of BK Ca channel was about 200 pS and did not change as well. Interestingly, the activating effect of H 2 O 2 on BK ca channel was not observed when the cells were cotransfected with wild type PTEN. The BK Ca channel activity was unchanged after treatment with 100 μM H 2 O 2 for 10 min ( Fig. 2E  and F) . The NP O of BK Ca channels only increased from 0.4213 ± 0.0584 to 0.5005 ± 0.0689 after 10 min H 2 O 2 treatment (Fig. 2H) , which is not statistically significant (p N 0.05, n = 7). The single channel amplitude also remained unchanged (Fig. 2G) .
The same results were obtained when the hβ1 subunit was not coexpressed. The NP O of BK Ca channels increased from 0.182 ± 0.098 to 0.634 ± 0.244 after exposure to H 2 O 2 in mSlo only expressing cells (Fig. 3D ). However, the NP O of BK Ca channels is 0.193 ± 0.074 before H 2 O 2 treatment and 0.212 ± 0.808 after 10 min H 2 O 2 treatment in mSlo and PTEN wt coexpressing cells (Fig. 3H ). The single channel amplitude was almost unchanged (Fig. 3G) . The unitary conductance of BK Ca channel was about 180 pS and did not change as well. In addition, compared with that in mSlo only expressing cells, the initial BK Ca channel activity was not changed in PTEN and mSlo coexpressing cells (Fig. 5A ) without H 2 O 2 treatment. These results indicated that the role of PTEN on H 2 O 2induced BK Ca channel activation was not significantly affected by coexpressing β1 unit, which is consistent with previous report [28] . We chose to examine the BK Ca channel activity just using mSlo in further studies.
To study the relationship between H 
PTEN regulates H 2 O 2 -induced BK Ca channel activation by acting as a phosphatidylinositol 3-phosphatase
It has been reported that the effects of PTEN on cellular functions are mainly mediated through regulation of phosphatidylinositol (3, 4, 5) trisphosphate (PIP 3 ) lipid phosphatase-dependent orindependent signaling pathways. In this study, the phosphatase activity of PTEN was investigated by expression of the mutants PTEN C124S , which lacks all detectable phosphatase activity, and PTEN G129E , which has impaired lipid phosphatase activity but retains other protein phosphatase activity [29] (we also showed that PTEN C124S and PTEN G129E could not affect p-AKT expression in Fig. 1A) . In mSlo and PTEN C124S or PTEN G129E coexpressing cells, the channel activity increased as similar as that in mSlo only expressing cells after treatment with 100 μM H 2 O 2 . The NP O of channels increased from 0.185 ± 0.082 to 0.679 ± 0.302 in mSlo and PTEN C124S coexpressing cells and from 0.191 ± 0.086 to 0.646 ± 0.314 in mSlo and PTEN G129E coexpressing cells after adding H 2 O 2 (Fig. 5A ). We also found that PI3K inhibitor 2-(4-Morpholinyl)-8-phenyl-1(4H)-benzopyran-4-one hydrochloride (LY294002) can abolish H 2 O 2 -induced BK Ca channel activation during 10 min treatment (unpublished data). These results demonstrated that PTEN acts as a phosphatidylinositol 3-phosphatase to modulate H 2 O 2 -induced BK Ca channel activity.
Effect of PTEN on BK Ca channel activity when treated with H 2 O 2 at high concentration or for long time
When the relationship between H 2 O 2 concentration and NP O of BK Ca channels was investigated, it was found that at concentrations higher than 100 μM, the inhibitory effect of PTEN on H 2 O 2 -induced BK Ca channel activation was attenuated ( Fig. 4A and B) . The BK Ca channel activity didn't increase significantly during the initial 10 min in mSlo and PTEN wt coexpressing cells when treated with 50 or 100 μM H 2 O 2 , but not the treatment with 200 or 400 μM H 2 O 2 (Fig. 4B) . Similarly as shown in Fig. 5A , when the incubation time with 100 μM H 2 O 2 increased from 10 min to 30 min, cells transfected with or without PTEN showed the same BK Ca channel activation. H 2 O 2 can effectively induce reversible inactivation of PTEN through oxidization of cysteine 124 and the formation of disulfide [30, 31] . Compared with control, PTEN C124S and PTEN G129E overexpressing cells, the p-AKT expression level was inhibited in PTEN wt overexpressing cells when cells were exposed to 100 μM H 2 O 2 for 10 min (Fig. 6A) . However, the p-AKT expression level was increased when PTEN wt overexpressing cells were treated with H 2 O 2 for 30 min (Fig. 6B) , implying that long-term H 2 O 2 treatment may oxidize PTEN and result in PTEN inactivation and thereby reduce the effects of PTEN on H 2 O 2 -induced BK Ca channel activation (Fig. 5A) .
The increase of [Ca 2+ ] i induced by H 2 O 2 was inhibited in PTEN overexpressing cells
The increase of [Ca 2+ ] i induced by oxidative stress has been reported previously and it seems to be involved in calcium sparks [32] . In order to evaluate the roles of PTEN in the intracellular calcium mobility, [Ca 2+ ] i were studied with Fluo3-AM in HEK 293 cells transfected with vector, PTEN wt , PTEN C124S or PTEN G129E in the presence of H 2 O 2 . A 2-fold increase in [Ca 2+ ] i was observed after the addition of 100 μM H 2 O 2 in control group, which remained as a plateau even after 15 min (Fig. 7A) . In PTEN wt overexpressing cells, 100 μM H 2 O 2 only induced an about 1.3-fold increase in [Ca 2+ ] i , and then decreased to baseline quickly (Fig. 7B ). On the other hand, the PTEN C124S and PTEN G129E overexpressing cells showed a very similar response with the control group when treated with 100 μM H 2 O 2 (Fig. 7C and D) . The T 1/2 after exposure to 100 μM H 2 O 2 was 3.5 ± 0.35 min in PTEN wt overexpressing cells and 1.28± 0.15 min, 1.35 ± 0.22 min, 1.31 ± 0.22 min in control, PTEN C124S and PTEN G129E overexpressing cells, respectively ( Fig. 7E ), suggesting that increases of [Ca 2+ ] i induced by H 2 O 2 from base to the peak need more time in PTEN wt overexpressing cells. Furthermore, [Ca 2+ ] i fluorescence intensity induced by H 2 O 2 in PTEN wt overexpressing cells was 71± 8.86, and 107 ± 9.17, 103.6 ± 6.23 and 105.2 ± 8.67 in control, PTEN C124S and PTEN G129E overexpressing cells, respectively (Fig. 7F) . These results demonstrated that PTEN can decrease [Ca 2+ ] i values induced by H 2 O 2 .
Discussion
Hydrogen peroxide was found to modulate the activity of native BK Ca channel in cells. For example, in coronary artery smooth muscle cells, H 2 O 2 activates BK Ca channel via PLA 2 -AA signaling cascade, while protein kinase C inhibitor depresses H 2 O 2 -stimulated BK Ca channel activity [14] . In cultured human endothelial cells, H 2 O 2 stimulates BK Ca channel through cGMP. Both L-NAME (NO synthase inhibitor) and KT5823 (protein kinase G inhibitor) abolish the stimulatory effect of H 2 O 2 on BK Ca channels [15] . Our studies also showed that in HEK 293 cells heterologously expressing mSlo in the presence or absence of hβ1, H 2 O 2 increased the activity of BK Ca channels (Figs. 2D and 3D) . However, the effect of H 2 O 2 on BK Ca channel activation was reduced in PTEN wt expressing cells.
The regulation of BK Ca channels by protein kinases may relate to their role in mediating vascular and neuronal function [33, 34] . The cAMP, cGMP, c-PLA 2 , src, Pyk2 and Hck have been proven as effector molecules for activating BK Ca channels [35] [36] [37] [38] [39] . The α subunit of BK Ca channel contains phosphorylation sites for cGMP, cAMP and PKC in COOH terminus [40, 41] . PI3K and AKT are upstream molecules of PLA 2 and cGMP in some circumstances [20, 42, 43] . PTEN, a member of the protein tyrosine phosphatase family, negatively controls PI3K activity by dephosphorylation of the D-3 position of phosphoinositide phosphates such as the conversion from PIP 3 to phosphatidylinositol (4, 5) bisphosphate (PIP 2 ) [44] and inhibits cell growth by dephosphorylation of focal adhesion kinase and src protein kinase [45] . We showed that BK Ca channel activity increased significantly during the initial 5 min after treatment with 100 μM H 2 O 2 in mSlo only expressing cells (Fig. 5A ). However, the H 2 O 2 -induced BK Ca channel activation is significantly reduced in mSlo and PTEN wt coexpressing cells during the initial 10 min. Unlike the PTENwt, the PTEN C124S and PTEN G129E are catalytically inactive and have been shown to completely inhibit their lipid phosphatase activity against both PIP 3 and PIP 2 [30, 31, 43] . The cysteine at residue 124 is a catalytic residue for phosphatase activity and PTEN C124S is defective in both lipid and protein phosphatase activity. PTEN G129E substantially blocks the lipid phosphatase activity without affecting protein phosphatase activity [43] . Our studies demonstrate that the H 2 O 2 -induced BK Ca channel activation in mSlo and PTEN C124S or PTEN G129E coexpressing cells are the same as that in mSlo only expressing cells, suggesting that the lipid phosphatase activity of PTEN plays an important role in H 2 O 2 -induced BK Ca channel activation.
PTEN also plays an important role in maintaining the normal redox state of cells against oxidative stress [46] . In previous studies, it is shown that the lipid phosphatase activity of PTEN could be reduced by H 2 O 2 , and that the oxidation of PTEN by H 2 O 2 was in a concentration-and time-dependent manner [30, 47] . In our studies, we showed that p-AKT expression was inhibited in PTEN wt overexpressing cells when cells were exposed to H 2 O 2 for 10 min. After long time treatment with H 2 O 2 , PTEN activity is decreased and the p-AKT expression level is also upregulated. In line with the finding, BK Ca channel activity was also increased in mSlo and PTEN wt coexpressing cells for long time treatment with H 2 O 2 . These data further suggested that H 2 O 2 -induced BK Ca channel activation was related to the lipid phosphatase activity of PTEN.
Modulation of [Ca 2+ ] i is a signaling system involved in the regulation of various physiological and pathological processes, including membrane excitability, vascular function, muscle contraction, synaptic transmission, and secretion. [Ca 2+ ] i is an important regulation factor for activity of BK Ca channel [48] . It has been shown that H 2 O 2 increase [Ca 2+ ] i [49] and enhance endotheliumderived hyperpolarizing factor type relaxation through increasing [Ca 2+ ] i , leading to activated BK Ca channels [50] . Our studies also demonstrate that H 2 O 2 can increase [Ca 2+ ] i , while PTEN wt , but not PTEN C124S and PTEN G129E , inhibits the H 2 O 2 -induced [Ca 2+ ] i increase. The increases of [Ca 2+ ] i induced by H 2 O 2 from base to the peak needs more time in PTEN wt overexpressing cells than those in control, PTEN C124S and PTEN G129E overexpressing cells (T 1/2 3.5 ± 0.35 min versus 1.28 ± 0.15 min, 1.35 ± 0.22 min and 1.31 ± 0.22 min). In combination with the fact that PTEN reduced H 2 O 2 -induced BK Ca channel activation, these results suggest that H 2 O 2 -induced BK Ca channel activation may be through mediation of [Ca 2+ ] i by lipid phosphatase activity of PTEN.
We have shown above that H 2 O 2 -induced BK Ca channel activation in cells could be correlated with the lipid phosphatase activity of PTEN. These findings can be assumed to be significant for vasodilation induced by H 2 O 2 .
